Abstract Thirty commercial vinegars were investigated in order to study the factors influencing antioxidant capacity. Total phenols and flavonoids, 1,1-diphenyl-2-picrylhydrazyl, and 2,2 0 -Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) radical scavenging capacity, nitrite scavenging capacity, reducing capacity, and lipid oxidation inhibition method were used. Factor and k-means cluster analysis partitioned the vinegars into three clusters according to antioxidant capacity. Traditional balsamic vinegar (TBV), balsamic vinegar, and tomato vinegar were grouped as cluster 2, which contained the highest antioxidant capacity. Especially, TBV exhibited the highest antioxidant capacity. In high-performance liquid chromatography analysis, cluster 2 also had a high content of polyphenols and 5-hydroxymethylfurfural. These compounds presented positive correlation with the antioxidant capacity. The results suggested that polyphenols and 5-hydroxymethylfurfural were important factors influencing the antioxidant capacity of vinegars.
Introduction
Vinegar is produced through alcohol fermentation and acetification from fruits, vegetables, and cereals. Therefore, vinegar contains abundant bioactive compounds such as polyphenols and organic acids (Sylvia 2009 ). Because of these bioactive components, vinegar has been used for therapy since ancient times. Around 400 BC in ancient Greece, cider vinegar mixed with honey was recommended for cough and flu, and Roman soldiers drank diluted vinegar as a tonic (Bourgeois and Barja 2009 ). According to old Korean literature, Sikryochanyo (1460), vinegar was used to treat diseases such as cardiac pain, asthma, nausea, and diabetes (Lim and Cha 2010) .
Such biological activities of vinegar have been confirmed by many researchers both in vivo and in vitro. For example, acetic acid, a major organic acid in vinegar, enabled glycogen replenishment in a rat's liver when it was orally administered with glucose in an animal study (Nakao et al. 2001) . In a clinical study, rice vinegar intake increased blood flow and it was proposed that acetic acid would enhance flow-mediated vasodilatation via up-regulating endothelial nitric oxide synthase activity (Sakakibara et al. 2010) . Additionally, when wine vinegar was added to a meal with a high glycaemic index, postprandial glycaemia was decreased in patients with type II diabetes (Liatis et al. 2010) .
Several studies have reported that the antioxidant capacity of vinegar originates from polyphenols and melanoidins. Cejudo Bastante et al. (2010) observed the correlation between the superoxide anion scavenger ability of sherry vinegar macerated with fruits (such as orange, lemon, strawberry, red grapefruit, and lime) and several polyphenols (naringin, hesperidin, neohesperidin, and gentisic acid). Shimoji et al. (2002) identified in dihydroferulic acid. Dihydroferulic acid is derived from ferulic acid through the process of fermentation and is one of the major 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging compounds in Kurosu, the Japanese unpolished rice vinegar containing rice bran. Verzelloni et al. (2010b) studied 2,2 0 -Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical scavenging capacity and the antiperoxidative capacity of TBV melanoidins under the gastric condition in turkey meat. TBV melanoidins inhibited hydroperoxides and secondary lipoxidation products in a dose-dependent manner. Xu et al. (2007) separated the melanoidins fraction from an ethanol-supernatant extraction of Zhenjiang aromatic vinegar produced from sticky rice through decoction, storing, and aging in China. They proved that the melanoidins affected the antioxidant capacity of Zhenjiang aromatic vinegar. However, most of the studies on the antioxidant capacity of vinegar were investigated in specific types of vinegars such as traditional balsamic vinegar, wine vinegar, and brown rice vinegar.
The main objective of this paper was to identify the factors influencing the antioxidant capacity of vinegars. Thus, this study used various vinegars made from fruits, cereals, vegetables, and seed nuts. Antioxidant capacities were determined by total phenols and flavonoids, DPPH, and ABTS radical scavenging capacity, nitrite scavenging capacity, reducing capacity, and lipid oxidation inhibition. Furthermore, factor and k-means cluster analyses were applied to the antioxidant capacity indexes. Factor and kmeans cluster analyses are types of multivariate analysis, which are extensions of univariate and bivariate analyses and can describe large and complex data. Factor analysis was used to reduce variables similar to principal component analysis but the concept was different (Joseph et al. 2010) . In this study, the purpose of factor analysis was to describe the properties of data through correlations of variables and to use the results of factor analysis to input variables for k-means cluster analysis. Constituents such as polyphenols, 5-hydroxymethyl furfural (HMF), ascorbic acid, amino acids, and organic acids were also detected using high-performance liquid chromatography (HPLC).
Materials and methods

Samples
Thirty commercial vinegars were purchased from a retail market in Korea. These vinegars were divided into three groups according to raw materials: 18 fruits, five cereals, and seven other vinegars. These vinegars consisted of three Italian, two French, one Spanish, one Japanese, and 23 domestic vinegars. The abbreviations of the vinegars are shown in Table 1 . These vinegars were kept in refrigerator at 4°C during experiment period and used as raw in all experiments.
Reagents ABTS, DPPH, ferrous chloride, and Folin-Ciocalteu reagent were purchased from Sigma (Munich, Germany). Aluminum nitrate and pyrogallol were obtained from Sigma (St. Louis, MO, USA). 1-Naphthylamine was acquired from Sigma (Shanghai, China). Linoleic acid was purchased from Sigma (Bangalore, India). L-ascorbic acid was obtained from Sigma-Aldrich (China). Ethylenediaminetetraacetic acid (EDTA), sodium nitrite, standards of polyphenols, HMF, sugars, ascorbic acid, organic acids, and amino acids were purchased from Sigma-Aldrich (USA). All other chemicals used for analysis were analytical grade.
Total acidity and pH
The samples were diluted 20-fold with distilled water, and then titrated with 0.1 N NaOH to pH 8.3. Total acidity was expressed as acetic acid. pH measurement was carried out with pH meter (Orion 2STAR, Thermo Scientific, Marsiling, Singapore).
Total phenols and flavonoids
The total phenols were determined according to the FolinCiocalteu method (Zoecklein et al. 1990 ). To each 10-mL volumetric flask was added 0.1 mL sample, 6 mL distilled water, and 0.5 mL Folin-Ciocalteu reagent. After mixing well for 30 s, 1.5 mL of sodium carbonate solution was added. The solution was mixed again and brought to the mark with distilled water. The standard and sample solutions were allowed to sit for 2 h at room temperature, and the absorbance of each was measured with a UV/VIS spectrophotometer (UV-1800, Shimadzu, Tokyo, Japan) at 765 nm against the blank. The results were expressed as mg/L gallic acid equivalents.
A modified method of Moreno et al. (2000) was used for the total flavonoids. In a tube, 0.1 mL sample and 0.9 mL 70 % ethanol were added and mixed. To 0.5 mL of the mixture, 0.1 mL 10 % aluminum nitrate and 0.1 mL 1 M potassium acetate were mixed, and then 4.3 mL 70 % ethanol was added. After 40 min, it was centrifuged at 10,000 rpm for 3 min at 4°C. The absorbance was determined at 415 nm. Total flavonoids were expressed as mg quercetin/L. Nitrite scavenging capacity
The nitrite scavenging capacity was determined using a modification of the method described by Lim et al. (2004) .
To prepare Griess reagents, 1 g sulfanilic acid and 1 g naphthylamine were dissolved in 100 mL 30 % acetic acid. Mix 1 mL sample and 2 mL 1 mM NaNO 2 . Then the mixture was buffered at different pH values by pH 1.2 (0.1 N HCl), made up to 10 mL, respectively. After incubation at 37°C for 1 h, 2 mL 2 % acetic acid and 0.4 mL Griess reagent were added to 1 mL of the reaction solution. After 15 min incubation at room temperature, the solution was centrifuged at 10,000 rpm for 3 min at 4°C. The absorbance was read at 520 nm.
DPPH and ABTS radical scavenging capacity
The DPPH radical scavenging capacity was determined using a modification of the method described by Kang et al. (1996) . Reaction mixtures containing 0.2 mL sample and 0.8 mL 0.1 mM DPPH were incubated at room temperature for 10 min. After incubation, the mixture was centrifuged at 10,000 rpm for 3 min, and the absorbance was measured at 525 nm. The ABTS radical scavenging capacity was determined using a modification of the method described by Verzelloni et al. (2007) . ABTS radical cation was produced by a reaction between 14 mM ABTS standard solution and 4.9 mM potassium persulfate at the ratio of 1:1. The ABTS radical solution was left in a dark at room temperature for 12 h before use. The blue-green solution was diluted in ethanol to get an absorbance of 0.650 ± 0.020 nm at 734 nm. Then, a 40 lL sample was added to 1960 lL of ABTS Á? solution. The reaction mixture was incubated at 37°C for 10 min and centrifuged at 10,000 rpm for 3 min. The absorbance was measured at 734 nm.
Reducing capacity
The reducing capacity was determined using a modification of the method from Xu et al. (2007) . 0.4 mL of the sample was mixed with 1 mL 0.2 M phosphate buffer (pH 6.6) and 1 mL 1 % potassium ferricyanide. The mixture was incubated at 50°C for 30 min and added to 1 mL 10 % trichloroacetic acid. Then, 1 mL of the upper layer of the reaction solution was mixed with 1 mL distilled water and 0.2 mL 0.1 % ferric chloride. After centrifuging at 10,000 rpm for 3 min, the absorbance was determined at 700 nm.
Lipid oxidation inhibition
The lipid oxidation inhibition was measured by ferric thiocyanate as described in Zin et al. (2002) . The linoleic acid emulsion was prepared by homogenizing 4 mL sample, 4.1 mL 2.51 % linoleic acid in 99.9 % ethanol, 8 mL 0.05 M phosphate buffer (pH 7.0), and 3.9 mL distilled water. The mixture was placed in a screw capped tube and incubated at 40°C in the dark. The control used distilled water instead of the sample. To each test tube, 0.1 mL aliquots, 9.7 mL 70 % ethanol, 0.1 mL 30 % ammonium thiocyanate, and 0.1 mL 0.02 M ferrous chloride (in 3.5 % HCl) were added, and the solutions were allowed to stand at room temperature for 3 min. The absorbance was measured at 500 nm. Inhibition of lipid oxidation was carried out at an interval of 24 h, until the absorbance of the control reached a maximum.
Phenolic compounds and hydroxymethylfurfural
Quantification of phenolic compounds and 5-hydroxymethylfurfural (HMF) was analyzed using the procedure described by Chen et al. (2001) . 10 g of vinegar was mixed with an equal amount of ethyl acetate, and anhydrous sodium sulfate was added. The mixture was filtered and concentrated at 50°C by a rotary evaporator (EYELA, NVC-2100, Tokyo, Japan). Then, 10 mL of 0.2 M phosphate buffer (pH 3.0):methanol:H 2 O (2:3:15) was added to the concentrate. Next, the samples were filtered through a syringe filter with 0.45 lm prior to analysis. The HPLC instrument was an Agilent 1200 series (Palo Alto, CA, USA). Analyses were performed in a Zorbax Eclipse plus C18 column (150 9 4.6 mm i.d., 5 lm, Agilent, Palo Alto, CA, USA) with a flow rate of 1.0 mL/min. The mobile phase gradient consisted of 3 % acetic acid in distilled water (solution A) and methanol (solution B). The following gradient was used: 0-4 min 90 % solution A, 4-15 min 45 % solution A, and 15-18 min 100 % solution A. The injection volume was 10 lL. A chromatogram was detected at 280 nm. Fourteen standards were used for the analysis of phenolic compounds: caffeic acid, catechin, catechol, chlorogenic acid, epicatechin, ferulic acid, gallic acid, o-coumaric acid, p-coumaric acid, protocatechuic acid, resveratrol, rutin, syringic acid, and vanillin. The calibration curves were obtained with standard solutions and the results were expressed as mg per 100 mL.
Sugars
Quantification of sugars was performed with the method described by Hernández et al. (1998) with some modifications. HPLC analyses of sugars were carried out using an Agilent 1200 series with a Refractive Index detector (RI, G1362A, Agilent, Shanghai, China). The separations were performed in a Carbohydrate high-performance column (250 9 4.6 mm i.d., 4 lm, Waters, Milford, MA, USA) at 30°C. The mobile phase was 81 % acetonitrile and a flow rate of 1.0 mL/min. The injection volume was 10 lL.
Samples were diluted fivefold in distilled water. Four standards were used for the study: glucose, fructose, sucrose, and maltose. The calibration curves were obtained with standard solutions and the results were expressed as mg per 100 mL.
Organic acids
Organic acids were measured according to AOAC (2005) with some modifications. The HPLC equipment consisted of a model Agilent 1200 series with a diode array detector. A Prevail organic acid column (250 9 4.6 mm id., 5 lm, Alltech, Deerfield, IL, USA) was used for separation at a flow rate of 1.0 mL/min, 25°C. The mobile phase was 25 mM monopotassium phosphate (adjusted to pH 2.1 by phosphoric acid), the flow rate was 1.0 mL/min, and the injection volume was 10 lL. Chromatograms were recorded at 210 nm. Samples were diluted 50-fold in distilled water. Acetic, tartaric, citric, succinic, lactic, malic, gluconic, oxalic, and fumaric acid were used for standards. Quantification was performed using calibration curves of standards.
Amino acids
Amino acids were analyzed by the method described by Llames and Fontaine (1994) , Heinrikson and Meridith (1984) , and Kim (2004) with some modifications. 5 g sample was placed in a 50-mL volumetric flask, and 40 mL of 5 mM HCl was added. This mixture was stirred while being heated for 30 min at 70°C, and filled to 50 mL. The mixture was filtered with 0.45 lm syringe filter, then used for HPLC sample. The HPLC system consisted of an Agilent 1200 series and DAD. Chromatogram was detected at 338 and 262 nm. A Zorbax Eclipse AAA column (150 9 4.6 mm i.d., 3.5 lm, Agilent, USA) was used. The analyses were carried out using a binary gradient mode. The mobile phase (A) was 40 mM NaH 2 PO 4 (pH 7.8) and (B) was acetonitrile:methanol:water (450:450:100): 0-1.9 min, 0 % B; 1.9-18.1 min, 57 % B; 18.1-22.3 min, 100 % B; 22.3-26 min, 0 % B. The injection volume was 5 lL. The column temperature was kept at 40°C and the flow rate was 1.3 mL/min. Quantification was performed using calibration curves of 21 standards.
Ascorbic acid
HPLC determination of ascorbic acid was carried out as in pharmaceutical society of Japan (2000) and Lee et al. (1997) . 2 g vinegar was mixed with fivefold 2 % metaphosphoric acid (containing 1 mM EDTA). This mixture was centrifuged (4°C, 10 min, 5000 rpm). The supernatant was filtered through 0.45-lm membrane then used for analysis. The HPLC system was an Agilent 1200 series, with multi wavelength detector (Agilent, USA). Separation was performed on a Zorbax Eclipse plus C18 column (150 9 4.6 mm i.d., 5 lm, Agilent, USA). The mobile phase used distilled water adjusted to pH 2.1 using H 2 SO 4 . The column temperature was kept at an ambient temperature and the flow rate was 1.3 mL/min. The injection volume was 5 lL and the chromatogram was monitored at 254 nm. Quantification was performed by an external standard method.
Statistical analysis
All of the analyses were carried out in triplicate, and results are reported as means ± SD. Student's t test, one-way analysis of variance (ANOVA), correlation among variables, factor and k-means cluster analyses were performed using SAS (SAS 9.3, Cary, North Carolina, USA). Cluster analysis (or clustering) group objects into same group (cluster) based on similarity. Clustering can be divided into hierarchical cluster analysis and non-hierarchical cluster analysis. k-Means clustering is most frequently used method among non-hierarchical cluster analysis, because it is applicable in all cases and not requiring data transformation. k-Means clustering fixes k cluster centers which represent mean of n objects and assign n objects to the nearest k clusters having similar characteristics (Bae and Roh 2005) . In this study, k-means clustering was used to cluster vinegar using factor scores about antioxidant indexes.
Results and discussion
Physicochemical properties and antioxidant capacity
The physicochemical properties and antioxidant capacities of 30 vinegars are shown in Table 1 . Total acidity ranged from 1.5 to 13.3 % and was highest in apple vinegar (AV)-III. pH ranged between 2.4 and 4.3. Total phenols were highest in TBV at 3096.4 mg/L, while total flavonoids were highest in BV at 484.3 mg/L. Such results were estimated to be due to the abstraction of polyphenols from wood barrels during the aging and concentration processes (Verzelloni et al. 2010a) . Total phenols in persimmon vinegar (PSV) were 487.0 mg/L, which was similar to 491.0 ± 3.7 lg/mL reported by Jeong et al. (2009) . Total phenols in persimmon vinegar were dependent on the species of persimmon and ranged from 799 ± 11.3 to 452 ± 14.1 lg/mL (Sakanaka and Ishihara 2008) . Nitrite scavenging capacity ranged between 7.4 and 92.6 % and TV had the highest. Nitric oxide (NO) is a free radical gas and overproduction of nitric oxide leads to cancer and diabetes (Liu and Hotchkiss 1995; Zahedi et al. 2008) . Nitric oxide has a short half-life of a few seconds, and thus detection of nitric oxide is difficult in vivo (Sies 1993) . However, determination of nitric oxide was available through analysis of nitrite (NO 2 -) and nitrate (NO 3 -), stable metabolites of nitric oxide. Griess reaction is a simple method for the detection of nitrite and nitrate (Tsikas 2007) . DPPH radical scavenging capacity ranged from 21.5 to 98.1 %. The vinegars with over 90 % capacity were TBV and peach vinegar (PCV) in the fruits group, and TV and green tea vinegar (GTV) in the others group. In the cereals group, brown rice vinegar (BRV)-I was the highest at 88.9 %. Kurosu contained higher dihydroferulic and dihydrosinapic acid than other rice vinegars. Such polyphenols might affect DPPH radical scavenging capacity (Shimoji et al. 2002) . Vinegars also exhibited strong ABTS radical scavenging capacity ranging from 4.1 to 93.9 %. The vinegars with over 90 % capacity were TBV, PCV, and TV which revealed high DPPH radical scavenging capacity as well as BV, white balsamic vinegar, Korean wild grape vinegar, red wine vinegar (RWV), and PSV in the fruits group, and ginkgo nut vinegar (GNV) in the others group. Reducing capacity ranged from 0.2 to 2.8, and TBV contained the highest value. In the cereals group, BRV-I showed the highest reducing capacity at 0.4. In the others group, TV showed the highest reducing capacity at 1.2. Chen et al. (2011) reported that the reducing capacity of pine needle vinegar increased in the acetification stage. In this study, the reducing capacity of pine needle vinegar was measured as 0.4. Lipid oxidation inhibition ranged between 13.1 and 57.9 % and it was highest in BRV-II. In the fruits group, TBV showed the highest value as 51.2 %. In the others group, TV showed the highest value at 38.1 %. In tuna homogenate, apple, rice, unpolished rice, and persimmon vinegars inhibited the generation of thiobarbituric acid reactive substances (TBARS), byproducts of lipid peroxidation (Sakanaka and Ishihara 2008) . Furthermore, the inhibitory effect of Kurosu extract on oxidative stress in mouse skin and linoleic acid autoxidation model was proved by TBARS level (Nishidai et al. 2000) . All vinegars showed antioxidant capacity; however, TBV, BV, RWV, and PCV in the fruits group, BRV-I and -II in the cereals group, and TV in the others group showed the strongest antioxidant capacity among the 30 vinegars.
Factor analysis and k-means cluster analysis Figure 1 shows the loading and score plots of two factors regarding the antioxidant capacity of thirty vinegars. Seven variables, namely the total phenols, total flavonoids, nitrite scavenging capacity, DPPH, ABTS radical scavenging capacity, reducing capacity, and lipid oxidation inhibition were reduced to two factors. These two factors described 79.5 % of total variance of the data obtained. Factor 1, which accounted for 55.49 % of total variance, had high loadings of total phenols, total flavonoids, reducing capacity, and lipid oxidation inhibition. Factor 2 accounted for 24.03 % of total variance, and had high loadings of nitrite scavenging capacity, DPPH, and ABTS radical scavenging capacity. As shown in Fig. 1A , among seven variables, lipid oxidation inhibition had negative loading values for factor 2. This difference was considered to be because the reaction mechanism used to determine antioxidant capacity was different. Lipid oxidation inhibition was based on hydrogen atom transfer (HAT), while total phenols and reducing capacity were based on singleelectron transfer (SET). DPPH and ABTS radical scavenging capacity were based on both SET and HAT Fig. 1 Factor and k-means cluster analysis results of antioxidant capacity for 30 vinegars. (A) is the plot of factor pattern and (B) is the plot of factor scores. TP total phenols, TF total flavonoids, RC reducing capacity, ARSC ABTS radical scavenging capacity, DRSC DPPH radical scavenging capacity, NSC nitrite scavenging capacity, LOI lipid oxidation inhibition. Cluster 1 (n = 7): AV-II, AV-III, BRV-II, HPV, MV, RV, and WWV; Cluster 2 (n = 3): TBV, BV, and TV; Cluster 3 (n = 20) AV-I, BRV-I, CMVV, DV, GNV, GTV, GV, KWGV, LV, PCV, PMV, PNV, PRV, PSV, PV-I, PV-II, RWV, SWV, TRWV, and WBV mechanisms (Huang et al. 2005; Gülçin 2012 ). k-means cluster analysis was performed on the basis of factor scores. Thirty samples were partitioned into three clusters. As shown in Fig. 1B , cluster 1 consisted of seven vinegars such as AV-II, AV-III, BRV-II, hot pepper vinegar, malt vinegar, and rice vinegar, white wine vinegar (WWV). Cluster 2 was composed of three vinegars such as TBV, BV, and TV. Cluster 3 was composed of the remaining 20 vinegars. In Table 2 , two factors indicate the characteristics of each cluster. The factor score of factor 1 for cluster 2 was the highest compared to the other clusters, although clusters 1 and 3 were the same. The factor score of factor 2 was higher in cluster 3 than cluster 1 (p \ 0.01). In other words, vinegars in cluster 3 had higher levels of nitrite scavenging capacity, ABTS, and DPPH radical scavenging capacity than other clusters. To identify the factors that contribute to the antioxidant capacity of vinegars and clusters, eleven vinegar samples were selected for HPLC analysis. The samples comprise two cluster 1 (BRV-II and WWV), three cluster 2 (TBV, BV, and TV), and six cluster 3 (BRV-I, dandelion vinegar (DV), RWV, PCV, GNV, and GTV) vinegars. These vinegars showed high antioxidant capacity.
Determination of polyphenols and ascorbic acid
Polyphenols and ascorbic acid in eleven kinds of vinegars are given in Table 3 . Most of the polyphenols were high in cluster 2. In particular, TBV has the highest total content of polyphenols as 9.5 mg/100 mL and the highest content of gallic acid, protocatechuic acid, epicatechin, and p-coumaric acid as 2.8, 1.8, 1.2, and 0.6 mg/100 mL. TBV is made from cooked grape must aged in different kinds of wood barrels for a minimum of 12 years (Masino et al. 2005) . In these processes, the volume of cooked must is reduced by heating and concentration and polyphenol compounds are extracted from wood barrel. This is considered the reason that TBV has high content of polyphenols (Verzelloni et al. 2007) . Although the content of polyphenols in TV was lower than those in TBV, TV showed the highest content of chlorogenic acid and ferulic acids at 1.1 and 1.2 mg/100 mL (p \ 0.01), respectively. The antioxidant capacity of polyphenols found in TBV and TV was higher as the number of -OH groups was higher, and depended on the position to which the -OH group was attached. Thus, gallic acid (3,4,5-trihydroxybenzoic acid) had a higher trolox equivalent antioxidant capacity than protocatechuic acid (3,4-dihydroxybenzoic acid). And pcoumaric acid with an ethylenic group (-C 2 H 4 ) between a phenyl ring, to which p-hydroxyl group was attached, and a carboxylate group (-COOH) had a higher trolox equivalent antioxidant capacity than other hydrodynamic acids because this compound had more effective reducing properties of the -OH group (Rice-Evans et al. 1996) . Therefore, it was thought that their polyphenol constituents and high contents increased the antioxidant capacity of TBV, BV, and TV, which was the decisive reason why these three vinegars were classified as cluster 2. Major polyphenols of vinegars were differentiated according to raw materials. Gallic acid was the major component of grape vinegars excluding WWV (p \ 0.01). Catechin was detected only in WWV and RWV. There was no significant difference in this study at 0.3 mg/100 mL in WWV and 0.2 mg/100 mL in RWV. Resveratrol was detected in all grape vinegars. Because resveratrol exists in the seed and the skin of grapes, its content was higher in red wine than in white wine or rose wines (Fernández-Mar et al. 2012) . It was reported that resveratrol had the same lipid oxidation inhibition as tannic acid and gallic acid (Sánchez- Moreno et al. 1999 ). Flavonoids such as catechin, epicatechin, and rutin were not detected in the vegetables and cereals group.
Ascorbic acid was highest in TV in cluster 2 at 8.5 mg/ 100 mL, and the next highest was in TBV at 1.3 mg/ 100 mL (p \ 0.05). Ascorbic acid was reported as a key antioxidant in hydrophilic extracts from tomato fruit and paste (Capanoglu et al. 2008) . Therefore, it is considered that ascorbic acid and polyphenols contribute to the antioxidant capacity in TV.
Determination of free amino acids, sugar, HMF, and organic acids Free amino acids in eleven vinegars are presented in Table 4 . The total content of amino acids ranged from 1.4 to 546.3 mg/100 mL and it was highest in TV. Elias et al. (2008) reported that radical scavenging amino acids such as cysteine and methionine (sulfur-containing side chains), tryptophan, tyrosine, and phenylalanine (aromatic side chains) and histidine (imidazole-containing side chains) are contribute to the antioxidant capacity. These proteins can interact with free radicals and ROS suggests that they could protect lipids from oxidation. In this study, the content of radical scavenging amino acids was highest in BRV-II in cluster 1 at 38.3 mg/100 mL, and the next highest was TV in cluster 2 at 33.4 mg/100 mL and GNV in cluster 3 at 24.6 mg/100 mL. In particular, the content of sulfur-containing amino acids such as methionine and cysteine was high in BRV-II and GNV at 15.9 and 14.5 mg/100 mL, respectively (p \ 0.01). Sulfur-containing amino acids are more abundant in animal and cereal proteins than in legume proteins (Parcell 2002) . Unlike other amino acid residues, sulfur-containing amino acid residues are reversible. Methionine residues are oxidized to methionine sulfoxide and can scavenge reactive oxygen and nitrogen species. The methionine sulfoxide was reduced back to methionine by methionine sulfoxide reductase (Stadtman and Levine 2003) .
Major amino acids of vinegars were varied according to raw materials. Glutamic acid, proline, leucine, aspartic acid, phenylalanine, serine, and valine were reported as the main amino acid of tomato powder (Liu et al. 2010) . Glutamic acid was the major amino acid in the vegetable group such as TV, GTV, and DV and it was highest in TV at 203.7 mg/100 mL. Proline was the major component in grape vinegars in this study, and is also a major amino acid in must and wine (Herbert et al. 2000) . Sarcosine, the N-methyl derivative of glycine, was detected in TBV at only 1.7 mg/100 mL. This component was reported to have antipsychotic potential (Yang et al. 2010) .
Sugars, HMF, and organic acids are presented in Table 5 . In sugars, total content was high in BRV-I in cluster 3 at 2923.3 mg/100 mL. Sucrose was not detected in all vinegars. Disaccharides were considered to be used by microorganisms during fermentation and in some For abbreviations see Table 1 ND not detected a Values are means ± SD (n = 3). Means with different upper case letters (A, B, and C) are significantly different between vinegars and with different lower case letters (a, b, and c) are significantly different between compounds by Tukey's multiple range test and t test at p \ 0.01 * Radical scavenging amino acids; adapted from Elias et al. (2008) vinegars they were reduced by thermal decomposition. Lee and Kim (2009) reported that the content of fructose, glucose, sucrose, and maltose was reduced constantly during fermentation and a tiny amount of fructose and glucose existed in persimmon vinegar in the final stage. On the other hand, TBV showed a high content of glucose and fructose because these sugars concentrated, while must cooked and vinegar aged (Cocchi et al. 2007 ; Cirlini et al. For abbreviations see Table 1 ND not detected a Values are means ± SD (n = 3). Means with different upper case letters (A, B, and C) are significantly different between vinegars by Tukey's multiple range test at p \ 0.01. Means with different lower case letters (a, b, and c) are significantly different between compounds by t test at p \ 0.05 2009). Additionally, as fructophilic yeast is more prevalent in TBV than in glucophilc yeast, the glucose ratio is higher (Solieri and Giudici 2008) , and it may be the reason why glucose in TBV and GNV was higher than fructose in this study (p \ 0.05).
In this study, all vinegars had HMF from N.D. to 84.6 mg/100 mL. Cluster 2 showed significantly higher HMF content than other clusters and it was most abundant in balsamic vinegars. It is because of the long-time aging in wood barrels and from cooking must in the course of manufacturing balsamic vinegars. HMF in TBV increased gradually during must cooking and vinegar aging (Antonelli et al. 2004; Masino et al. 2005) . As BV has a shorter aging period than TBV or it is made by mixing concentrated must with wine vinegar (Verzelloni et al. 2007 ), HMF content is lower than TBV.
Total content of organic acids ranged from 1253.8 to 8732.5 mg/100 mL and it was highest in BV in cluster 2. The major organic acid in vinegars other than TBV, PCV, and GNV was acetic acid, and it was highest in RWV and WWV at 7573.1 and 7511.1 mg/100 mL, respectively (p \ 0.01). This is because alcohol became acetic acid when it was oxidized by oxygen. Interestingly, vinegars in cluster 2 contained many kinds of organic acids. In particular, TBV contained the highest number of different organic acids. The major organic acid in TBV was gluconic acid at 523.4 mg/100 mL. Gluconic acid was the characterizing component in TBV (Giudici 1993) , and Gluconobacter can create D-gluconic acid, 5-keto-, and 2-keto-D-gluconate using D-glucose (Sengun and Karabiyikli 2011) . Tartaric acid was also detected only in TBV. As such, it was thought that the composition of various organic acids might influence the rich flavor of TBV.
The correlations between antioxidant capacity indexes and components are shown in Table 6 . HMF only showed positive correlations with factor 1 such as total flavonoids, total phenols, reducing capacity, and lipid oxidation inhibition. On the other hand, polyphenols showed positive correlation with factor 2 such as ABTS radical scavenging capacity and nitrite scavenging capacity and factor 1 except lipid oxidation inhibition. Thus, HMF were decisive constituents for factors 1 and 2. HMF was the most studied furanic compound and was supposed to induce genotoxic and mutagenic effects in bacterial and human cells. However, no relevance for humans concerning carcinogenic and genotoxic effect of HMF is available. The genotoxic or mutagenic activity of HMF has not been drawn yet (Anese and Suman 2013) . And the antioxidant capacity and antiproliferative activity of HMF were reported (Zhao et al. 2013) . The antioxidant capacity of HMF was due to molecular structure having an aldehyde and a hydroxyl group (Chen et al. 2014) . HMF is an intermediate product of Maillard reaction and caramelization. In acidic conditions, HMF can form even at low temperatures. Its concentration increases as the temperature of thermal treatments during storage increases. HMF can be found in bakery products, malt, fruit juices, coffee, and vinegar (Capuano and Fogliano 2011) . Therefore, it is highly probable that HMF contributes to the antioxidant capacity of vinegar. And melanoidins produced in the course of must cooking and vinegar aging may positively affect the antioxidant capacity (Tagliazucchi et al. 2010) . Curiously, nitrite scavenging capacity had positive correlation with ascorbic acid. The inhibitory effect of ascorbic acid on nitrosamine formation was reported (Tannenbaum et al. 1991) . As shown in Tables 1 and 3 , nitrite scavenging capacity and ascorbic acid content in TV were the highest at 92.6 % and 8.5 mg/100 mL, respectively. Furthermore, lipid oxidation inhibition only had negative factor loadings for factor 2 and showed positive correlations with radical scavenging amino acids. BRV-II containing abundant radical scavenging amino acids showed high lipid oxidation inhibition. Taking into account the positive correlation, HMF, radical scavenging amino acids, ascorbic acid, and polyphenols were factors influencing the antioxidant capacity of vinegars. Among these compounds, the HMF and polyphenols were considered key antioxidants in vinegars.
